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Carbon fibre reinforced plastic (CFRP) composites are increasingly used for structural 26 applications due to their high stiffness and strength-to-weight ratios. Applications range from the 27 structural frame and panels of automobiles and aircraft to fan blades for gas turbines. However, 28
CFRP has an inferior impact resistance to composites such as ultrahigh molecular weight 29 polyethylene (UHMWPE) fibre-based Dyneema  laminates. The high impact resistance of 30
Dyneema
 cross-ply laminates can be traced to its failure mechanism of indirect tension [1] [2] [3] [4] [5] . 31
In contrast, under ballistic loading, conventional CFRP laminates of high matrix shear strength fail 32 by a shear plugging mode (involving matrix crack formation, ply delamination, and fibre fracture) 33 [6] [7] [8] , and consequently have inferior ballistic resistance. If a strategy can be developed whereby 34 CFRP fails by indirect tension rather than by shear plugging, then a major advance could be made 35 in terms of its penetration resistance. Recently, it has been shown that the indirect tension 36 mechanism can be activated in CFRP cross-ply laminates under quasi-static out-of-plane 37 compressive loading [9] , indentation loading [10] , and ballistic impact loading [10] . The ballistic 38 limit (i.e. penetration velocity) of CFRP cross-ply laminates is increased by suppressing the shear 39 plugging mode and by activating the indirect tension mode through the reduction of matrix shear 40 strength. The aim of the current study is to explore the possibility of improving the impact 41 resistance of CFRP laminates by activating the indirect tension mechanism without a reduction in 42 matrix shear strength. A possible strategy is to place a protective metallic layer in front of the 43 laminate and thereby reduce the level of contact stress both for quasi-static indentation (as in 44 automobile impact) and for ballistic impact, for example in the protection of lightweight armor-45 clad vehicles. This is the motivation for the current study. 46 An established method of increasing the impact resistance of long fibre composites is to 47  to a selective set of specimens, followed by quasi-static indentation tests under an edge-clamped 109 condition. bilayer plates, the aluminium alloy sheet is on the front face of the plate.) Spherical projectiles 116 were launched using a gas gun (with helium or nitrogen compressed gas, depending upn the desired 117 velocity) with a 4.5 m long aluminium barrel having a bore diameter of 6 mm. The projectile 118 impacted the specimens normally and centrally at an impact velocity 0 v from 30 m/s to 380 m/s 119 , as measured using a set of laser gates placed near the exit of the barrel. High-speed images were 120 taken using a Phantom  V1610 camera (with an inter-frame time of 16 μs and an exposure time (i) Edge-clamped tests. The composite plates were friction-clamped between two 12.7 mm thick 125 steel plates using M6 bolts each with 8 Nm torque, as illustrated in Figure 3a . To achieve this, the 126 front and back plates were surface-roughened by sand blasting. The front and backing plates each 127 consisted of 12 equi-spaced holes (with hole diameter of 6 mm and pitch diameter of 90 mm) and 128 a concentric opening window of diameter of s D = 55 mm that allowed for the back face deflection 129 and perforation of the specimens. The backing plate was mounted onto an outer frame allowing a 130 projectile to impact the specimen normally through the centre of the opening. 131
(ii) Back-supported tests. The composite plates were placed in front of a hardened silver steel (560 132 Vickers) backing plate of thickness 45 mm. The projectile impacted normally and centrally in the 133 negative z-direction as defined in Figure 3b . The specimens were loosely adhered to the backing 134 plate using double-sided adhesive tape. and the aluminium alloy layer of the bilayer plates (B) and (C). The contact radius a was estimated 155 to be the radius at which the contact pressure exceeded the lower limit of the calibrated pressure 156 range (i.e. 35 MPa). At a sufficiently high indentation displacement, the indenter penetrated both 157 the pressure film and the CFRP layer and thus the contact radius was assumed to equal the indenter 158 radius (i.e. aR  ). 159 1 The laser extensometer (EIR LE-05, manufactured by the Electronic Instrument Research) was operated at a scan frequency of 100 Hz. 
Rearrangement of (1) gives  in terms of load F such that: 198
Recall that the contact radius a on the top face of the CFRP layer was measured during 200 
Failure Mechanisms
305
In both the quasi-static and the ballistic tests, the failure mechanisms of the CFRP layers 306 in the monolithic and bilayer plates were sensitive to the boundary condition but were not affected 307 by the presence or absence of the metallic layers. 308
In the edge-clamped state, transverse matrix cracks form in the CFRP when the local shear 309 stress reached the matrix shear strength. As the indentation force or impact velocity increased, the 310 matrix crack formation was followed by ply delamination and fibre fracture. Fibre fracture 311 provided a failure path that connected the above-mentioned matrix cracks. This failure mode is 312 often referred to as the shear plugging mechanism, and is commonly observed in the impact failure 313 of conventional CFRP [6, 7, [33] [34] [35] ]. In the current study, the presence of a metallic front face did 314 not suppress this shear plugging mode in the CFRP layer under both quasi-static and ballistic 315 loading. Measurements of the contact area during the interrupted quasi-static indentation test 316 confirmed that first failure in the bilayer composite plates occurred when the out-of-plane shear 317 stress of the CFRP reached its matrix shear strength. However, the contact area measurement 318 revealed that the plastic deformation of the metallic layer spread the indentation load over a larger 319 area. This increased the quasi-static indentation load required for shear plug formation. In similar 320 fashion, this load spreading effect of the metallic protection occurs under ballistic loading, thus 321 increasing the energy required for shear plug formation and enhancing the ballistic resistance. 322
In the back-supported state, the CFRP cross-ply laminates fail by an indirect tension 323 mechanism facilitated by ply tensile failure directly beneath the indenter/projectile. This failure 324 mode is in agreement with that observed by Poe Jr. [36] . In the current study, the presence of the 325 metallic protection did not alter the failure mode of the underlying CFRP. Nevertheless, the above- In both quasi-static and ballistic tests, the qualitative perforation mechanism in the CFRP 369 layers was sensitive to the boundary condition but was not affected by the presence of the metallic 370 layers. Furthermore, bonding of the metal/CFRP interface did not alter the overall failure 371 mechanism, but it did improve the perforation resistance of the underlying CFRP. When the 372 specimens were tested under the edge-clamped condition, back face deflection was permitted. This 373 caused the CFRP layers to fail by shear plugging with transverse matrix cracks, ply delamination, 374 and fibre fracture concentrated at the circumference of the contact area. 375
In contrast, when the specimens were tested with back-support, the material underneath the 376 indenter/projectile was subjected to compression. As a result, the CFRP layers failed by an indirect 377 tension mode consisting of ply tensile failure directly beneath the indenter or the projectile, similar 378 to the failure mode observed for CFRP cross-ply laminates when subjected to uniaxial out-of-plane 379 compression. 380
The presence of the metallic layer did not alter the failure mechanism in the underlying 381 
